Titin, an important constituent of vertebrate muscles, is a protein of the order of a micrometer in length in the folded state. Atomic force microscopy and laser tweezer experiments have been used to stretch titin molecules to more than ten times their folded lengths. To explain the observed relation between force and extension, it has been suggested that the immunoglobulin and ®bronectin domains unfold one at a time in an all-or-none fashion. We use molecular dynamics simulations to study the forced unfolding of two different ®bronectin type 3 domains (the ninth, 9 Fn3, and the tenth, 10 Fn3, from human ®bronectin) and of their heterodimer of known structure. An external biasing potential on the N to C distance is employed and the protein is treated in the polar hydrogen representation with an implicit solvation model. The latter provides an adiabatic solvent response, which is important for the nanosecond unfolding simulation method used here. A series of simulations is performed for each system to obtain meaningful results. The two different ®bronectin domains are shown to unfold in the same way along two possible pathways. These involve the partial separation of the``b-sandwich'', an essential structural element, and the unfolding of the individual sheets in a stepwise fashion. The biasing potential results are con®rmed by constant force unfolding simulations. For the two connected domains, there is complete unfolding of one domain ( 9 Fn3) before major unfolding of the second domain ( 10 Fn3). Comparison of different models for the potential energy function demonstrates that the dominant cohesive element in both proteins is due to the attractive van der Waals interactions; electrostatic interactions play a structural role but appear to make only a small contribution to the stabilization of the domains, in agreement with other studies of b-sheet stability. The unfolding forces found in the simulations are of the order of those observed experimentally, even though the speed of the former is more than six orders of magnitude greater than that used in the latter.
Introduction
Titin (or connectin) is a gigantic protein molecule (about 3 MDa) that spans half of the sarcomere in vertebrate. The molecule is of the order of a micrometer in length and is thought to provide a passive restoring force as muscles elongate (Keller, 1995 (Keller, , 1997 . The I band region, considered the bungee-like portion, consists of about 70-90 (50 in the human cardiac titin, one of the smallest isoforms) immunoglobulin domains arranged in tandem adjacent to a region of about 1000-2200 amino acid residues rich in P (Pro), E (Glu), V (Val) and K (Lys); the latter is called the PEVK segment and its structure is not known (Labeit & Kolmerer, 1995) . The A-band region, which overlaps with the thick ®lament in the sarcomere, consists of alternating Fn3 (about 90 in human cardiac titin) and Ig domains (about 35 in human cardiac titin) forming a regular 11 domain super-repeat pattern.
Recent atomic force microscopy (Rief et al., 1997 (Rief et al., , 1998 and laser tweezer (Kellermayer et al., 1997; Tskhovrebova et al., 1997) experiments have been used to study the stretching of titin molecules from vertebrate cardiac and skeletal muscles. Stretching of titin to about ten times its folded length is thought to involve mainly the reversible unfolding of the PEVK segments and the straightening of the relative orientation of the individual domains. Additional stretching above a certain force threshold is believed to result in the unfolding of the immunoglobulin and ®bronectin domains. A similar mechanism is thought to be responsible for the elasticity of the extracellular matrix protein tenascin, according to a recent study by atomic force microscopy of a tenascin fragment made of 15 ®bronectin type 3 domains (Oberhauser et al., 1998) . In the various experiments, a range of forces for initiating what is identi®ed as domain unfolding has been obtained; the values vary from 20 to 40 pN (Kellermayer et al., 1997) , through about 100 pN (Tskhovrebova et al., 1997) and 137 pN (Oberhauser et al., 1998) to 250 pN (Rief et al., 1997) . The origin of the observed variation in the apparent required force is not known, though one possible factor is the difference in experimental conditions and methods. In interpreting the experiments, it has been assumed that molecules unfold one at a time in an all-or-none fashion. One piece of evidence for this is that the restoring force in the measurements made by Rief et al. (1997) shows peaks with a periodicity of $280 A Ê (1 A Ê 0.1 nm), the difference in length involved in the conversion from the native to the fully extended form of an individual domain. However, it appears likely that the nature of the measurements is such that only the threshold for unfolding rather than the details of the unfolding process can be observed (Noy et al., 1997) .
To obtain a more detailed understanding of the unfolding behavior expected from a protein in the presence of an external force, we have used molecular dynamics simulations with a biasing potential. The method follows that suggested by P. Ballone & S. Rubini (unpublished results) for simulating the crystallization of liquids. We chose to study two different human ®bronectin modules (the ninth, 9 Fn3, and the tenth, 10 Fn3) of known structure (Leahy et al., 1996) with a polar hydrogen model of the protein. They are homologous to those occurring in the titin and tenascin molecules. Copie Â et al. (1998) recently determined the NMR solution structure of mouse 9 Fn3 and 10 Fn3, which have 85 % sequence identity with the human analogues and essentially identical structures. These domains were selected because, although they have identical folds and nearly identical structures, their sequences (28 % identity) and folding behavior in solution are very different Plaxco et al., 1997) . It has been shown by chemical denaturation studies that 10 Fn3 is thermodynamically signi®cantly more stable than the homologue 9 Fn3; the free energies of unfolding at zero denaturant concentration are estimated to be 6.1 kcal/mol (1 cal 4.184 J) for 10 Fn3 and 1.2 kcal/mol for 9 Fn3. Thus, comparison of the unfolding behavior of these two molecules can provide useful insights into the response of a native protein to an external force strong enough to result in denaturation.
In the study of a single ®bronectin domain, the reaction coordinate is taken to be the square of the distance between the C and N-terminal ends. In addition, we examine the behavior of a ®bronectin dimer where the reaction coordinate is de®ned as the square of the distance of the C-terminal end of one molecule and the N-terminal end of the other. Since computational limitations require that the simulation be performed about seven to nine orders of magnitude faster than the experiments (e.g. in 1 ns instead of 10 ms to one second to completely stretch individual domains), the present approach is of particular interest because the shorttime dynamics of the molecule is relatively unperturbed. The method is different, for example, from the pioneering study of the biotin-streptavidin interaction (Grubmu È ller et al., 1996) , which has recently been applied by Lu et al. (1998) to the unfolding of an Ig domain. In these studies, a force was applied directly to certain atoms in the molecule; again, the simulation time is many orders of magnitude less than the time of the experiment. The technique of Grubmu È ller et al. (1996) and Lu et al. (1998) , which has been called``steered molecular dynamics'' (Isralewitz et al., 1997) , is related to the``targeted molecular dynamics'' of Schlitter et al. (1993) , where a holonomic constraint was used to displace a generic function of the atomic coordinates. A minimization method has been applied to follow the stretching of DNA oligomers (Cluzel et al., 1996) . The unfolding of lysozyme by application of a radial force (Hu È nenberger et al., 1995) is also of interest, although that study was not related to forced unfolding experiments.
The purpose of the present simulations is to give a realistic description of the response of a molecule to an external perturbation that varies slowly relative to the intrinsic time-scale of the atomic¯uctu-ations. It has, in fact, been suggested that à`c onformation¯uctuation mechanism'', analogous to the biasing approach used here, is involved in the deformation of DNA by DNA-binding proteins (Leger et al., 1998) . Our primary purpose is not to obtain results that are directly comparable to the experiment (the dif®culties of doing this have been described by Izrailev et al. (1997) ) but rather to use the analogue of the experiment (pulling on the molecule to denaturate it) to determine the magnitude of the forces involved and probe the atomic interactions that are disrupted in going from the native to the fully stretched structure. It is hoped that as the experimental measurements become more clearly de®ned and the simulations are improved, quantitative comparison will become more meaningful.
Materials and Methods

System studied
Fibronectin type 3 modles are one of the largest known families (more than 400 examples) of proteins with essentially the same structure and widely varying sequences (Bork et al. 1966) . The ninth and tenth Fn3 modules of human ®bronectin (   9   Fn3 and 10 Fn3) belong to the family of b-sandwiches, and comprise seven bstrands. The 10 Fn3 domain consists of 94 residues, eight of which are proline, while the 9 Fn3 is made of 90 residues including seven proline residues. The sequence identity of the two domains is 28 %, but they are structurally very similar. The structure of a human ®bronectin fragment (368 amino acid residues encompassing type 3 repeats 7 through 10) which includes the 10 Fn3 and 9 Fn3 domains has been determined by X-ray diffraction at 2 A Ê resolution (Leahy et al., 1996; entry 1FNF in PDB) . Excluding the four residue insertion in 10 Fn3 (a segment that includes the RGD sequence between residues 81 and 84), the backbone rmsd between the two domains is only 1.7 A Ê . A ribbon representation (Koradi et al., 1996) of the two Fn3 domains is shown in Figure 1 .
Model of the protein and the implicit solvent
Molecular dynamics simulations were performed with a version of the CHARMM program (Brooks et al., 1983) modi®ed to include the perturbation that accelerates the stretching. A polar hydrogen model was used for the protein (Neria et al., 1996) and an implicit Gaussian model for the solvent (Lazaridis & Karplus, 1999) . The implicit solvent model has been shown (Lazaridis & Karplus, 1997) to be applicable to thermal unfolding of the protein CI2 and yields results that are in agreement with unfolding simulations using explicit solvent (Li & Daggett, 1996) . The importance of using such an approach is that makes it possible to perform simulations at nearly the same computational speed as in vacuo, so that enough simulations can be done to obtain statistically meaningful results. Moreover, an implicit solvation model is advantageous because it is very dif®-cult to have an adequate explicit solvation for the polypeptidic chain whose dimensions very from a sphere of 35 A Ê diameter to a fully stretched molecule that is 300 A Ê long. Also, it provides a potential-of-mean-force description of the solvent that is appropriate in view of the experimental pulling speed, which is many orders of magnitude slower than the solvent relaxation time.
Biased unfolding
To introduce the biasing force that unfolds the domains, we use a time-dependent perturbation proposed by P. Ballone & S. Rubini (unpublished results) for studying the crystallization kinetics in model systems. The method is related to the minimum biasing technique suggested by Harvey & Gabb (1993) .
A reaction coordinate leading from the initial to the ®nal state is selected. In the present case the chosen coordinate is:
where r NC is the distance between the main-chain nitrogen atom of the ®rst residue and the carboxyl carbon atom of the last residue.
To force the system to sample regions of the con®g-urational space that are separated by either thermodynamic or kinetic (on a simulation time-scale) barriers, a perturbation is added to the molecular potential energy function that depends on the time through the reaction coordinate. Figure 1 . Crystallographic structures (Leahy et al., 1996) of the 10 Fn3 (left) and 9 Fn3 (right) domains. The N and C termini are represented by a red and a green sphere, respectively, and the same colors are used in the ribbon representation of the b-strands belonging to N and C-terminal sheets. The topology and the strand labeling are shown; the ®rst and last hydrogen bonds between each pair of strands participating in a b-sheet are represented by broken-line arrows. The drawings were made with the program Molmol (Koradi et al., 1996) .
Simulation of the Forced Unfolding of Fn3 Modules
The perturbation has the form:
where:
The simulation is started at t 0 and the value of r a (0) is set equal to r(0), the square of the C to N distance of the equilibrated starting con®guration. If the distance between the C and N termini spontaneously increases in the simulation step from t to t Át, i.e. r(t Át) > r a (t), the external perturbation is zero and has no effect on the dynamics (see equation (2) and Figure 2 ).
In such a case, r a (t) is updated and W(r, t) is modi®ed accordingly, i.e. r a (t) is set equal to r(t Át). If r(t) is smaller than r a , the harmonic force (see equation (2)) acts on r to prevent the reaction coordinate from decreasing signi®cantly. The value of a determines the magnitude of the allowed backward¯uctuation of the reaction coordinate.
The macroscopic state of the system is never changed, since the perturbation is added to the Hamiltonian of the unperturbed system when it is numerically zero. Nevertheless, the perturbation affects the system. It acts like a Maxwell demon in that it drives the system from equilibrium by``selecting'' the sign of the spontaneous¯uctu-ations of a given function of the internal coordinates. If the effective free energy surface is such that the motion of the reaction coordinate is diffusive in the absence of a barrier, the temperature of the system is not expected to change during the conformational transition. However, if there is a free energy barrier along the reaction path, the effect of the directed motion induced by the perturbation is to transform some of the kinetic energy associated with the reaction coordinate into potential energy. This would lower the temperature in an isolated system. To avoid possible artifacts from temperature variations of this type, the simulations were performed at constant temperature using a Nose Â-Hoover thermostat .
In general, a smaller value of a is expected to yield more realistic results, since the perturbation has a smaller effect on the system. However, this has to be balanced by the need to simulate the transition in a ®nite time. Several test simulations were performed to determine the value of the coupling constant a in equation (2). Although the exact kinetics depends on the initial conditions (i.e. each trajectory is somewhat different), it was found that a value a 0.0006 kcal/(mol A Ê 4 ) lead to a fully extended conformation (r 9 (300 A Ê )
2 ) in a signi®-cant fraction of the simulations in about 1 ns. The use of an implicit representation of the solvent (Lazaridis & Karplus, 1997 ) and a cut-off on long-range interactions (group based with a switch between 7 and 9 A Ê ) made it possible to perform many $1 ns simulations; a time of 1 ns corresponds to about 15 hours of CPU time on a single SGI Origin 2000 processor (R10000 195 MHz).
The simulation of the two ®bronectin domains was started from the X-ray coordinates. After a short energy minimization (300 steepest descent steps) to eliminate large forces due to the possible partial overlap of the atoms, the system was heated from 0 to 300 K in 25 K steps by scaling all velocities by a single factor for each 500 steps, then rescaling the velocities when the temperature deviated from 300 K for 80 ps of a microcanonical simulation. The simulation was continued in the canonical ensemble using the Nose Â-Hoover thermostat for about 1 ns to obtain starting con®gurations for the unfolding trajectories; the con®gurations were selected at 160 ps intervals to ensure that the statistical correlation between different trajectories is negligible. A time-step of 2 fs was used and coordinates were saved every 500 steps (1 ps). To test the stability of the system with the implicit solvent model, C a rmsd values relative to the experimental structure were computed. They were about 2 A Ê for 9 Fn3 and 2.5 A Ê for 10 Fn3 after heating and remained constant during the $1 ns of free simulation.
The average end-to-end distance, during the 1 ns free simulation, was 34.2 and 35.7 A Ê (with an rms deviation of about 2 A Ê ) for 10 Fn3 and 9 Fn3, respectively. In the same simulation the maximum velocity of the endto-end distance r NC p r was about 20 A Ê /ps while the root-mean-square velocity is about 6.5 A Ê /ps; the velocity of the end-to-end distance was calculated [r NC (t Át) À r NC (t)]/Át. If only¯uctuations in the direction of increasing the end-to-end distance were allowed and if the¯uctuations were not signi®cantly dependent on the conformation, the time necessary to obtain fully extended domains would be about 50 ps. This value is obtained by using a velocity of 6 A Ê /ps and by considering the length of the fully extended polypeptide chain to be 3.63 A Ê per residue (Creighton, 1993) , so that the difference between the fully extended and the native structure is $300 A Ê and $315 A Ê for 9 Fn3 and 10 Fn3, respectively (an approximately ninefold extension).
Results
The end-to-end distance as a function of simulation time for seven trajectories calculated for each of the two domains is shown in Figure 3 .
Five simulations for each domain with a coupling constant a 0.0006 kcal/(mol Â A Ê 4 ) show that the behavior of the reaction coordinate as a function of time depends on the initial con®guration. Certain trajectories start to unfold after 200 ps and others are still folded after 1 ns; in one trajectory of indicate that the domains unfold in steps and that the sequence of steps is similar for the different trajectories and for the two domains. Figure 3 (a) and (b) also shows unfolding trajectories with different values of the coupling constant a to the external perturbation. Comparison is made between one that is half the chosen value, one that is twice as large and one that is three times as large. The time of the initial step in the unfolding reaction appears to depend on the value of a. Moreover, the same steps are observed in the trajectories for all values of the coupling constant, while the time during which the reaction coordinate remains nearly constant at a given step varies with a. This suggests that the regions where the reaction coordinate remains constant correspond to states that are relatively stable (i.e. there is a barrier to the next step) and that, as expected, the value of a plays a role in the rate of surmounting the barrier. By contrast in the other regions, the rate of the unfolding reaction is essentially independent of a. Figure 4 shows that local¯uctuations of r NC along one of the trajectories at certain points indicated in Figure 3 (a). It is evident that in the presence of the biasing potential, normal local spontaneous¯uctuations of the reaction coordinate still occur on the sub-picosecond time-scale. However, the larger-scale¯uctuations that appear in the free reaction coordinate are made less likely. As the reaction coordinate increases, a global relatively monotonic increase is superimposed on the local¯uctuations.
The distribution of unfolding times, which depends on the coupling constant of the external perturbation, involves a random element inherent in any unimolecular reaction (Lazaridis & Karplus, 1997) and is in accord with the chaotic behavior of proteins (Braxenthaler et al., 1997; Kuczera & Karplus, unpublished results) . To represent the trajectories on a reduced plot that removes the individual time-dependences, we show the rmsd as a function of the end-to-end distance in Figure 5 . In terms of these quantities, the calculated unfolding pathways are very similar. The plots for 9 Fn3 and 10 Fn3 show that from the starting value of r NC to $8 A Ê the paths are essentially identical, but at that point the trajectories for both proteins bifurcate into two similar but signi®cantly different pathways. When r NC reaches about 170 A Ê , and the domains are stretched to about 60 % of their maximum value, the pathways again become nearly identical. A structural analysis of the changes involved in the various regions is given below.
The external perturbation
Figure 6(a) shows the magnitude of the perturbation W(r) (equation (2)) associated with the Simulation of the Forced Unfolding of Fn3 Modules reaction coordinate r for each of the six trajectories; the values shown are block averages over intervals of 3 A Ê of r to smooth out the instantaneous¯uctu-ations. The behavior of W(r) provides qualitative information concerning the free-energy surface along the unfolding pathway. A low energy for a given value of the reaction coordinate means that, for con®gurations characterized by that value, a spontaneous increase of the reaction coordinate is relatively likely and the external perturbation is often zero. Large values of W(r) correspond to the situation where the reaction does not proceed (or it does so very slowly) by spontaneous¯uctuations; i.e. the external perturbation is non-zero because the system is likely to be climbing a free energy barrier so that the reaction coordinate would spontaneously go in the opposite direction (in the direction of the native state or other more compact conformation compatible with a smaller end-toend distance). It is here that the bias plays an essential role in shortening the times during which the protein sample states with a given value of the reaction coordinate (i.e. is trapped in a local minimum) although as mentioned in Materials and Methods, the biasing potential can have an effect in the absence of barriers.
Figure 6(a) shows that the pro®le of the external perturbation is very similar for the different trajectories; the average over all of the trajectories is shown in Figure 6 (b). The energy added to the system is generally very small, with a maximum value of about 3 kcal/mol. The largest values of W(r) correspond to a region characterized by an end-to-end distance in the range 35 to 80 A Ê ; this corresponds to an rmsd ranging from 2 (native) to 15 A Ê . Another region characterized by a large value of W(r) (for some but not all of the trajectories) is centered around r NC 140 A Ê (rmsd in the range 27-37 A Ê ). Some trajectories, for the 10 Fn3 domain in particular, seem to encounter a lower barrier at r NC 140 A Ê but a larger one between 90 and 110 A Ê . For all trajectories, the unfolding from r NC 9 170 A Ê to about 80 % of the maximum length (r NC 9 270 A Ê ) proceeds with very low values of the perturbation energy. However, the system appears to be slowly increasing its free energy, even though it does not encounter large barriers. Finally, as the molecules are stretched to their maximum length (r NC 5 300 A Ê ), the value of W(r) rises again. One contribution is an entropic effect, in that random uctuations tend to decrease the value of r. Also, at these very large extensions, deformation of the bonds and angles contributes signi®cantly to W(r) (not shown).
The pattern in the values of W(r) corresponds to that observed in the time-dependence of r NC (Figure 3 ). Speci®cally, large values of W(r) are associated with the regions where r NC varies slowly, so that even in the presence of the biasing potential overcoming the barrier takes a considerable time. Moreover, the trajectories that are missing certain``steps'' in Figure 1 (e.g. at r NC 9 140 A Ê ) are those where W(r) does not increase at that point. Figure 6 (a) also shows the effect of different values of the coupling constant a. The pro®le of W(r) depends only weakly on a for a in the range from 3 Â 10 À4 to 18 Â 10 À4 kcal/(mol A Ê 4 ).
The external force
The effect of the external perturbation corresponds to a force applied the C and N termini directed along the vector r NC joining the C and N termini, that is:
Only when the two termini of the domains undergo a¯uctuation that decreases their distance is there an external force that pulls them apart. Figure 7 shows jF Plaxco et al., 1997) . However, since the unfolding pathways in solution and in the presence of the biasing force can be different, the signi®cance of this agreement is not clear.
Constant force
Since the force applied with the biasing potential is intermittent, it is of interest to compare the results obtained with an external force that is constant in space and time. The qualitative aspects of applying such a force have been analyzed recently in a very insightful paper by Evans & Ritchie (1997) . For the terms in the potential energy function (primarily the nonbonded interactions) that plays the dominant role in stabilizing the native state of proteins (see below), it is expected that an external force lowers the barrier and shifts it somewhat so as to increase the probability of a conformational change. A constant force, F, applied to the two ends of the domains has the effect of lowering the unfolding energy barrier by Fr NC . Five simulations were made for each domain with the same initial conditions and a different constant force applied to the end-to-end distance. The potential energy term W Fr NC was added to the Hamiltonian so that the resulting force on the C and N termini is
Simulations with a constant force of 69, 200, 207, 250 and 345 pN were performed. In Figure 8 are shown the end-to-end distances as a function of simulation time for the different constant forces. The results are striking and con®rm that fribronectin domains tend to unfold in steps. In the presence of the largest constant force (345 pN), the system{ stretches very rapidly to its Fn3), can be clearly observed. While the latter corresponds to the fully stretched conformation, the metastable states stretched to about 140 A Ê have the same structural features as the conformation shown in Figure 9 (c). In the presence of a constant pulling force of 200 pN, the 9 Fn3 domain has a metastable state corresponding to r NC 9210 A Ê , in addition to that at r NC 9130 A Ê mentioned above. This state is similar to the conformation shown in Figure 9 (d); its existence was suggested also by a secondary peak in W(r), for certain trajectories and for the 9 Fn3 in particular, at about 240 A Ê (see Figure 6 ).
The behavior of the two domains is not identical; i.e. for the same constant applied force, the 9 Fn3 domain appears to unfold faster. The constant force decreases the barrier between states so that transitions are possible (Evans & Ritchie, 1997) , and if the force is large enough, occur on the simulation time-scale. Using large forces, we were able to observe transitions on the nanosecond time-scale. However, to obtain quantitative results concerning the transition rate between the various states, a considerably larger number of simulations would be required.
Mean force
The results obtained for non-equilibrium situations in which the force pulls on the system, as described above, can be compared with the mean force along a chosen reaction coordinate, the endto-end distance r NC . As shown in the Appendix, the mean force as a function of r NC can be written:
The last factor is proportional to the apparent (centrifugal) force on the r NC variable. To calculate the mean force at different points along the trajectory, the end-to-end was ®xed by a holonomic constraint and the average on the right side of equation (4) was evaluated from a 200 ps trajectory. The initial con®gurations characterized by different degrees of stretching (i.e. different values of r NC ) were taken from the unfolding trajectories. Figure 12(a) shows the mean force along one unfolding pathway of a 10 Fn3 domain. The mean force is negative, in accord with the expectation that there is an effective attractive force between the two ends of the domains. At large stretches, it is approximately constant at about À50 pN; it has a shallow minimum very close to the native state and it rises steeply to positive values when the end-to end distance is constrained to values smaller than the native state (r NC < 24 A Ê ). Kellermayer et al. (1997) have contrasted the results of the available measurements, which are made under non-equilibrium conditions, with thè`t rue equilibrium denaturation-renaturation force'', which corresponds to the mean force calculated in this section. The existence of an equilibrium denaturation-renaturation force implies that unfoldingrefolding pathways are identical at equilibrium. The potential-of-mean-force as a function of the end-to-end distance can be computed by integrating the mean force. The results are shown in Figure 12(b) . The values are similar to the total effective energy of the system as a function of the end-to-end distance (see below).
Energetics of unfolding
To examine the origin of the barriers to unfolding, we show in Figure 13 the total effective energy (protein potential energy plus the solvation free energy) as well as the two contribution separately, as a function of the end-to-end distance r NC . Averages and standard deviations from all the unfolding trajectories of 9 Fn3 and 10 Fn3 are presented. It is appropriate to consider averages, since the trajectories are very similar. Further, various geometrical quantities describing the unfolding of the domain, like the end-to-end distance r NC , the rmsd from the initial structure and the radius of gyration are highly correlated (the correlation coef®cient between any two of these quantities is always greater than 0.993) and thus any of these variables could be used to visualize the behaviour of the energy components during the unfolding reaction. The non-bonded energy term increases almost linearly as a function of the end-to-end distance r NC (correlation coef®cient larger than 0.973), while the solvation free energy of the model is strongly anti-correlated (correlation coef®-cient 9 À 0.98). The solvation energy is, in turn, strongly anticorrelated (correlation coef®cient À0.989) with the geometric solvent-accessible surface as de®ned by Richards (1977) . The bonded energy term is uncorrelated with all the quantities considered above, except for the large stretching limit (r NC i 300 A Ê ); as a consequence, the nonbonded term has the same distance-dependence as the total protein-protein energy (E protein in Figure 13 ).
The total effective energy increases as r NC increases in a manner that re¯ects the protein energy, while the solvation energy becomes more negative because of the increase in protein-solvent coupling as the protein unfolds. The total energy increases approximately linearly with r NC between the minimum at the native state and the unfolded state. There is an increase in the slope of the energy-dependence in the neighbourhood of the two main barriers (i.e. r NC $ 60 and 140 A Ê ). As described below the ®rst is associated with the separation of the two b-sheets and the second involves the initial coming apart of certain strands within the sheets. The potential energy of the 9 Fn3 and 10 Fn3 domain are very similar throughout the entire unfolding run, but the total energy of the 9 Fn3 domain is always lower than that of the 10 Fn3 domain, due to the better solvation of the former. Since the curves of the two domains are essentially parallel, the differences between the native and the unfolded (stretched) states are very similar; i.e. for both 9 Fn3 and 10 Fn3 the difference for the native state minimum relative to r NC 9 200 A Ê are 240 AE55 kcal/mol. The value obtained here is very close, but slightly larger, than the potential-ofmean-force calculated by integrating the mean force (Figure 12(b) ). Since such a stretched state is likely to be different from the more contracted states populated when proteins are denaturated by raising the temperature or adding denaturants, the effective energy is not necessarily comparable with equilibrium denaturation measurements. Nevertheless, it is of interest to note that the calculated values for the effective energy of unfolding are of the order of those obtained by analyzing a series of proteins (Lazaridis et al., 1995) ; no measurement of the enthalpy of unfolding of ®bronectin is available.
To obtain insights into the origin of the unfolding barriers, we performed simulations with modi®ed potentials. The ®rst is a simulation of a model in which all charges were set to zero and the effect of the solvent was neglected. The second is a simulation (soft-repulsive-sphere model) where all electrostatic, attractive Lennard-Jones interactions, and solvent effects were switched off; four 160 ps simulations for the latter system were performed, since the unfolding is much faster. In the soft-repulsive-sphere model, all the charges were set to zero and all Lennard-Jones interactions shifted to zero by multiplying the interactions by the factor (1 À (r/r c ) 2 ) 2 , where r c 3 A Ê , leaving an almost purely repulsive van der Waals term, analogous to the WCA model (e.g. see Chandler et al., 1983) used in determining the structure of simple liquids. The striking result is that the model with no electrostatics or solvation leads to a pro®le of the external perturbation as a function of the endto-end distance (Figure 6(b) ) that is very similar to that obtained with the full potential, while the removal of the attractive van der Waals term results in a perturbation pro®le that is essentially zero along most of the stretching pathway.
For both domains, the ®rst barrier is completely absent without the van der Waals attraction, while it is, if anything, slightly larger in the absence of electrostatics and solvation, probably due to the absence of the latter. As for the second barrier (140 A Ê < r NC < 160 A Ê ), for 9 Fn3 the results for the full potential and that without electrostatics and solvation are identical within the uncertainties of the calculation. For 10 Fn3, there is a signi®cant difference; namely, the barrier without electrostatics is somewhat lower than the barrier with the full potential. This is due to the fact that the calculated trajectory happens to follow a pathway of the type shown in Figure 9 (c), which has a lower barrier (see Figure 10 ).
These results demonstrate that it is the attractive van der Waals term that make the major contribution to the interactions that have to be overcome in unfolding the ®bronectin domains; we return to this point in the Discussion. Further, the¯at pro®le of W(r) in Figure 6 (b) with only repulsive van der Waals interactions indicates that, except very close to the native state (for r NC values near 35 A Ê ), there is no steric hindrance to the unraveling of the domains.
Structural analysis of unfolding
The results presented in Figures 5-8 indicate that there are two major barriers on the pathways from the native state at equilibrium to the stretched unfolded state. The ®rst barrier, which beings at r NC 9 35 A Ê and continues to about 80 A Ê , is com-
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mon to all pathways in both domains. The second barrier, which is in the range r NC 9 140 to 160 A Ê , is always present, but there are two families of unfolding pathways with different barrier heights (see Figure 6 (a)). Some trajectories have a larger barrier, while others have a lower barrier; both Fn3 domains show the same behavior. The rmsd as a function of r NC ( Figure 5 ) also shows the division into two families of trajectories between 100 and 160 A Ê ; that with an earlier increase of rmsd as a function of r NC is the one with a higher barrier. To relate these global features of the unfolding trajectories to the structural changes, we examine the various steps in detail.
In the neighborhood of the ®rst barrier, where the protein is stretched to approximately twice its`l ength'', the conformations from all trajectories for both domains have many features in common, so that a meaningful average structure can be de®ned. For the 10 Fn3 domain, con®gurations from eight different unfolding trajectories at r NC $ 60 A Ê have a C a rmsd from their average structure of 2.9 A Ê ; 14 con®gurations at r NC $ 55-67 A Ê for the 9 Fn3 domain have a C a rmsd from the average structure of 2.6 A Ê . The rms deviation from the Xray structure is of the order of 8 A Ê at this stage of the unfolding process. Figure 9 (b) shows a ribbon diagram of the average structure of 9 Fn3 in comparison with the X-ray structure; the corresponding structure of 10 Fn3 are very similar. The ®rst three or four residues of the N-terminal region are partially stretched, while the C-terminal strand is altered only slightly. The most important element of the structural change associated with the ®rst barrier is the relative``slipping'' of the two sheets with respect to each other. This involves a signi®-cant disruption of the hydrophobic core formed by the tertiary contacts between the two b-sheets, while the native secondary structure is generally well preserved. The reduction of the twisting of both sheets and the loss of one or two hydrogen bonds close to the ends of the ®rst and the last bstrands also contributes to the stretching.
In the region corresponding to the bias potential peak at r NC 9 140 A Ê (Figure 6(b) ) the molecule is stretched to approximately four times its``length''. From Figure 5 , there are two pathways in this region. A detailed analysis shows that they are associated with two families of structures that occur in both Fn3 domains. Figure 9 (c) and (c H ) show ribbon diagrams for the two types of average structures obtained from the trajectories for 9 Fn3. To demonstrate that the use of average structures is appropriate, the individual structures associated with each of the families of both domains are shown in Figure 11 . One family (Figure 9(c) ), has the ®rst 28-31 residues that make up strands A and B of the N-terminal sheet extremely stretched (to about 90 % of the maximum extension), while there is little change beyond that already present in the C-terminal sheet at the ®rst barrier, as shown in Figure 9 (b). Consequently, all hydrogen bonds between strands A and B and between strands B and E are broken, and only strand E of the N-terminal sheet remains in contact with the sheet. The latter is still well preserved and the inter-strand hydrogen bonds between b-strands C, C H , F and G are essentially intact. The other family of structures, shown in Figure 9 (c), is stretched at both ends. In the N-terminal region, the ®rst 15-17 residues are stretched (80-90 %), while in the C-terminal region the last 15-20 residues, from residue positions 75-77 to the end, are stretched. The ®rst and the last b-strands are separated from their respective sheets, so that the hydrogen bonds between strands A and B and between strands F and G are broken. The rest of both sheets still have a large part of their native secondary structure, with the C-terminal sheet of the sandwich best preserved. The peak of the force for 140 A Ê < r NC < 160 A Ê is particularly pronounced for the trajectories passing through the ®rst conformer (Figure 9(c) ). Figure 10 shows the bias energies for the trajectories associated with the two paths. The larger peak for r NC between 140 and 160 A Ê for both 9 Fn3 and 10 Fn3 domains that follow the path in Figure 9 (c) appears to be related to the simultaneous breaking of the interactions between bstrands F and G and between b-strands C and F (see below). At an extension about 170 A Ê (Figure 5 ), the two pathways converge and a single representative structure at r NC 9 185 A Ê is shown in Figure 9 (d). The N and C-terminal portions are both extended, and the last remaining element of secondary structure is the hairpin formed by strands C and C H of the C-terminal sheet. It exists until an extreme degree of stretching (r NC 9 240 A Ê ), and in both domains, the pairs of hydrogen bonds between residues and 35 and 47 and between 34 and 48 of C and C H are broken last. At each step, a segment of the polypeptidic chain that has become separated from the rest of the molecular stretches completely. This is in accord with the fact that the energetic cost of disrupting structural elements is larger than the entropic cost of stretching individual parts of the chain.
Structural analysis of simulations with the modified potentials
As we have shown, the potential without electrostatic and solvation terms leads to W(r) values along the reaction path that are very similar to the full potential energy function. Examination of the structures at critical points along the pathways demonstrates that they are very similar to those found with the full potential. Speci®cally, the overall conformations of the b-strands and loops correspond to those in the presence of electrostatic interactions, although the structures are less regular in the absence of hydrogen bonds (data not shown). By contrast, in the absence of attractive van der Waals interactions, the end-to-end distance increases moderately but spontaneously, and the secondary and tertiary structures are lost rapidly and completely, so that the spontaneously swollen domains look like random coils.
Hydrogen bonds
Because of the importance of hydrogen bonds in the b-sheet structural motif, we describe their behavior along the unfolding trajectory. Hydrogen bonds are de®ned according to the standard geometrical criteria: the maximum distance between donor and acceptor is smaller than 3.3 A Ê and the DÐHÁ Á ÁA angle is larger than 90
. The number of hydrogen bonds increase from the crystallographic value (104 for 10 Fn3 and 116 for 9 Fn3) to about 120-130 during equilibration and then decreases when the domains are stretched. The number of hydrogen bonds is negatively correlated with the geometrical progress variables (rmsd, R g and r NC ). The minimum number of hydrogen bonds is about 80. this occurs for r NC > 290 A Ê , where there are only very few that correspond to those in the native structure. Most of these hydrogen bonds involve local interactions; e.g. they are 1,5 hydrogen bonds associated with almost fully extended conformations (f $ À 160 , c $ 160 ), while others involve main-chain to side-chain interactions. Figure 14 shows the breaking of hydrogen bonds as a function of the reaction coordinate. It Figure 11 . Superposition of the backbone trace of the conformers with 115 < r NC < 145 A Ê for the 10 Fn3 domain (top) and 9 Fn3 (bottom). Structures belonging to the different families are ®tted to the mean structure and labeled as in Figure 9 .
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is evident that each pair of hydrogen-bonded bstrands comes apart as a unit on the global scale, though on a scale certain hydrogen bonds break before others. The difference between the two paths described above is evident. Up to extension r NC $ 63-68 A Ê , all inter-strand hydrogen bonds are essentially intact. Then pairs of strands are quickly broken, either A/B and G/F together for the pathway in Figure 9 (c) or A/B and B/E for the pathway in Figure 9 (c H ). For r NC $ 140 A Ê , the hydrogen bonds between strands B/E and C/F (Figure 9(c) ) or C/F and G/F (Figure 7(c  H ) ) are broken. The breaking of hydrogen bonds is not involved in the ®rst barrier, while the hydrogen bonds between certain pairs of b-stands are broken in the neighbourhood of the second barrier. This is in accord with the structural analysis given above.
Spontaneous collapse
Although attempts to use molecular dynamics to fold a protein to the native state from a random coil con®guration have been unsuccessful so far (Li & Daggett, 1996; Lazaridis & Karplus, 1997; Duan & Kollman, 1998) , it is important to determine what happens at various stages of unfolding when the external perturbation is released. This is particularly interesting for the present case, since experiments have shown that titin molecules refold spontaneously, though slowly, when the pulling force is released (Rief et al., 1997) . A test was performed by releasing the external perturbation at various points on a single unfolding trajectory for the 9 Fn3 domain. The collapse is very fast (Figure 15) , and the initial speed increases linearly from 4 to 15 A Ê /ps as a function of the initial value of the end-toend distance. The model without long-range interactions collapses at the same speed, starting from the completely stretched con®guration. However, a freely jointed chain with 94 beads and 3.7 A Ê bond distance collapses at much lower speed (about 0.04 A Ê /ps) from the fully extended conformation, suggesting that the fast collapse of ®bronectin domains is not due simply to an entropic effect. Instead, the collapse speed appears to be controlled by the bonded terms of the energy function. If the perturbation is released when the end-to-end distance is about 130 A Ê , the rmsd decreases from the initial value of 30 A Ê to bout 7 A Ê . The decrease in rmsd is accompanied by the formation of considerable secondary structure (Figure 16 ), as de®ned by standard programs such as DSSP (Kabsch & Sander, 1983) . However, the secondary structure is not identical with that in the native state. The hydrogen bonds between strands B and E (see Also interesting is the constant force needed to prevent collapse starting from stretched conformations. It is found that a force between 17.5 and 35 pN is suf®cient to prevent collapse over the time-scale considered ($ps) starting from a completely stretched conformation of the 10 Fn3 domain. When the stretched domain is equilibrated for 200 ps with the end-to-end distance equal to 182 A Ê , the collapse speed is essentially the same as found above.
Two domains unfolding
Since titin and tenascin are made up of many ®bronectin and/or immunoglobulin domains, we have performed a preliminary study of the twin 9 Fn3-10 Fn3 domain, whose X-ray structure is available (Leahy et al., 1996) . Five unfolding simulations were done with the reaction coordinate r(t) r 2 N1C2 (i.e. the distance between the main-chain nitrogen atom of the ®rst residue of 9 Fn3 and the carboxyl carbon atom of the last residue of 10 Fn3) and a equal to 0.0006 kcal/(mol A Ê 4 ), the standard value used for the single domain simulations. Also, three simulations were made with a constant pulling force (200, 250 and 345 pN, respectively). All ®ve trajectories followed a similar sequence of events indicated in Figure 17 (top), which shows the two monomer distances (r N1C1 and r N2C2 ) as a function of the dimer end-to-end distance (r N1C2 ). It is clear that the Fn3 is complete. The ®rst step in the overall unfolding of the dimer is the relative reorientation of the two domains, which initially form an angle of 120
; when the end-to-end distance r N1C2 is about 70 A Ê , the angle is 160
and it approaches 180 on further stretching (Figure 17 (bottom) ). Then, the relative slipping of the two sheets in both domains leads to a further increase in the end-to-end distance up to 120-140 A Ê . Figure 18 shows that disruption of the secondary structure starts in the 
Discussion
The recent experimental studies of single biomolecules, including proteins and nucleic acids, based on novel techniques, such as atomic force microscopy and optical tweezers, are bringing a new perspective to the investigations of the properties of these systems. In such experiments, an external force is applied to separate a ligand from its binding protein, to``pull apart'' two strands of DNA, or to denature a protein. Since single molecules are being measured, the results of the experiments appear to be ideally suited for comparison with molecular dynamics simulations of biomolecules, and they have led to a number of such studies, as mentioned in Introduction. In their singlemolecule resolution, the new techniques have something in common with crossed molecular beam studies of chemical reactions (Herschbach, 1987) , which played an essential role in the development of our modern understanding of reactions and in stimulating trajectory and quantum dynamical calculations of elementary systems. However, there is a qualitative difference between the information obtained from molecular beam studies and atomic force microscopy, for example. Fn3-10 Fn3 dimer unfolding. Top: the endto-end of the 9 Fn3 (r N1C1 ) and 10 Fn3 (r N2C2 ) domains as a function of the end-to-end distance of the dimer r N1C2 . Bottom: plot of the angle between r N1C1 and r N2C2 as a function of r N1C2 (average over ®ve trajectories).
The former provides very detailed results on the cross-sections, orientational effects, etc. in individual state-to-state collisions, which are exactly the quantities obtained from calculational approaches to chemical reactions. By contrast, the atomic force experiments applied to single biomolecules operate on a time-scale that is six or so orders of magnitude slower than any accessible by simulations and they produce global results that are not straightforward to interpret at a microscopic level. Moreover, at present, the various types of techniques used for denaturating proteins give different results; e.g. for the titin molecule of interest here, the magnitude of the forces requires to initiate unfolding varies between 20 and 250 pN, and the distance-dependence of the observed force showed periodicity in some cases and not in others. This suggests that the simulations of unfolding of ®bronectin type 3 domains should be viewed primarily as an approach to the nature of the forces involved in the unfolding process that can provide insights into the meaning of the available experiments.
An essential result of the simulations with both the intermittent biasing potential and the constant external force is that the two ®bronectin domains unfold in a very similar manner in well-de®ned steps involving barriers. This disagrees with the assumption made in interpreting the available experiments, that each domain unfolds in an all-ornone fashion. However, it has been pointed out that the available experiments are not able to determine more than the threshold for unfolding (Noy et al., 1997) .
The two-domains simulations indicate that one domain unfolds completely before another one starts to do so. This is in agreement with the interpretation of the experiments (Erickson, 1997) .
Both domains stretch following two major pathways, each of which has two barriers. One, common to both pathways, occurs at an approximately twofold stretch, and involves unfolding of the N terminus (three to four residues) and, more importantly, the relative motion of the two sheets of the b-sandwich, while preserving most of the native intra-sheet hydrogen-bonding pattern. Then the inter-strand hydrogen bonds start breaking following two different patterns: in one, where only the N-terminal sheet is involved at this stage, strands A/B and B/E come apart, while the other, which involves both the N and C-terminal ends, A/B and G/F come apart. These events do not seem to contribute dramatically to the barrier. The second barrier is localized in the region of fourfold increase in length (r NC 140 A Ê ) and involves the breaking of the interactions between certain b-strands, particulary C/F and C/F along one of the paths (see above). Along both pathways, all the remaining inter-strand hydrogen bonds, except those between the b-hairpin composed of strands C and C H , are rapidly broken and the b-sheets begin to unravel. At extensions of the order of r NC $ 170 A Ê , the domains continue to stretch along a unique major path. There is an only moderate resistance up to a ninefold extension, which is about 80 % of the theoretical maximum stretch. Between the barriers related to the disruption of the b-sheet structural elements, segments of the polypeptidic chain stretch completely, because the energetic cost of disrupting certain elements of the secondary structure is larger than the entropic cost of fully stretch- Fn3-10 Fn3 dimer unfolding. Distances between mainchain N and O atoms involved in intra-strand hydrogen bonds as a function of the dimer end-to-end distance r N1C2 (see the legend to Figure 14) .
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ing part of the chain. The``bottleneck'' states, where the barriers occur appear to be metastable, since if the external perturbation is released, they collapse very rapidly to a highly contracted species with some native structure.
The results obtained using a constant force to pull apart the two ends of the Fn3 domain con®rm that the bottlenecks we identi®ed are metastable states on the modi®ed free-energy surface. If the constant force is large enough, transitions between these states can be observed on the simulation time-scale. It is interesting to mention the observation by Zocchi (1997) , who used micro-mechanical measurement to study a globular protein (bovine serum albumin) and found that unfolding seems to proceed by a sequence of steps. Although this was suggested to re¯ect the architecture of the protein, the exact interpretation of the observations may be more complex (G. Zocchi, personal communication) .
Experimentally, the titin molecule containing multimers of the ®bronectin domains, are pulled apart on a millisecond to second time-scale. The external stretching force applied is expected not to eliminate the barriers between native and nonnative states, but to reduce their height so as to make possible thermally activated barrier crossing (Evans & Ritchie, 1997) . The measured reaction force pulling titin (or tenascin) ®laments at constant speed has peaks between 40 and 300 pN. The variation in the results (Erickson, 1997) , which depends on the experimental technique and on the pulling speed, is not fully understood. The primary technique employed in the present study unfolds the domains on a time-scale that is much shorter than the experiments but does so without perturbing the short-time dynamics. Although a direct comparison with the experimental results is not possible, the average force exerted in the unfolding process is of the order of 200 to 300 pN. The maximum force for both domains is about 500 pN. It occurs in the neighbourhood of an extension of 140 A Ê at the second barrier in the unfolding process. The application of a constant force, showed that one of the order of 50 pN is not suf®cient to unfold the domains on the nanosecond time-scale, while a constant force of 345 pN stretches them very rapidly. Thus, the present results exhibit unfolding forces of the order of those observed experimentally, in spite of the different time-scale involved. The non-equilibrium forces observed in the pulling experiments can also be compared with the mean force, which is the derivative with respect to the end-to-end distance of the potentialof-mean-force. Integration of the mean force over the unfolding pathway yields an effective energy pro®le very similar to that obtained directly from the calculated effective energy differences. That the two are so similar suggests that the protein entropic contribution is small. Similar results were found in calculations of the potential energy and potential-of-mean-force barriers for tyrosine ring¯i ps in the bovine pancreatic trypsin inhibitor (Northrup et al., 1982) .
The simulations with modi®ed forms of the potential energy function indicate that the attractive van der Waals interactions stabilize both the b-sandwich and the individual b-sheets. Although the former result seems reasonable, because only non-polar interactions are involved, the latter is surprising at ®rst sight. Since the breaking of hydrogen bonds is an essential part of the unfolding of the b-sheets of the Fn3 domains, one might have expected that the electrostatic term in the potential function would play an important role in determining the energies involved. The present results are in accord with simulations of two stranded polyalanine b-sheets (Yang et al., 1995) and b-hairpins (Schaefer et al., 1998) . Both used a gas-phase potential and a Poisson-Boltzmann plus hydrophobic model for the solvent; see also Tobias et al. (1992) , who studied the dimerization free energy of the alanine dipeptide by explicit solvent simulations. These simulations demonstrated that the primary factor stabilizing the strand-strand interactions arise from van der Waals and hydrophobic terms rather than the electrostatic contribution of the hydrogen bonds. The latter is essentially balanced by the hydrogen bonds to solvent formed when the system unfolds, in agreement with the effective potential used here. Schaefer et al. (1998) mention, in agreement with Yang et al. (1995) , that side-chain to side-chain contacts, in particular those involving apolar sidechains, are essential for the stability of antiparallel b-sheets. This is in accord with the analysis of the unfolding kinetics of a b-hairpin reported by Mun Ä oz et al. (1998) . The structural importance of hydrogen bonding in b-hairpin formation has been demonstrated in all-atom folding simulations with explicit solvent by Pre Âvost & Ortmans (1997) . However, those results do not provide information on the relative free energy contribution of van der Waals and electrostatic terms to the stability of a bhairpin. It is of interest that mass spectrometric studies (Li et al., 1998) have shown recently that the hydrogen-bonding interactions are important for stabilizing b-sheets in a solvent-free environment, where there is no competition with hydrogen bonds to the solvent.
An important element of the present study is the use of an implicit solvent potential to represent the effective free energy of solvation. The assumption in the use of such potential for the study of dynamical processes is that the solvent relaxation is faster than the solute conformational change. Such an assumption seems appropriate for the present problem, in which the experimental conformational change is studied on the millisecond or longer time-scale, while solvent relaxation occurs on the sub-nanosecond time-scale. Thus, in addition to its practical advantages over explicit solvent treatments (it avoids the need to treat a large number of water molecules in a volume that changes in shape during the simulation), the implicit solvent model has the theoretical advantage that the solvent response to the conformational change is essentially at equilibrium and yields a potential of mean force for the protein. Use of explicit solvent, in which the response time approaches that of the nanosecond time-scale of the simulation of the unfolding process, is likely to yield results that are less physically meaningful. Speci®cally for the present system, breaking a hydrogen bond with the molecular mechanics potential involves an (primarily electrostatic) energy of about 5 kcal/mol; this leads to a force in vacuum of about $120 pN if a stretch of about 3 A Ê is involved. This does not represent the actual process in solution, in which breaking of protein-protein hydrogen bonds occurs, in general, when they are compensated by protein-solvent hydrogen bond formation (Ca¯isch & Karplus, 1995) . It is just this compensation that leads to the dominance of the attractive van der Waals term described above. Lu et al. (1998) recently reported on a simulation of forced unfolding by pulling at a constant velocity on one or both ends of an immunoglobulin domain from titin. They also used the CHARMM polar hydrogen force-®eld and introduced a shell of explicit water molecules to avoid the full solvation problem. They found a single barrier of $2000 pN and the unfolding energy was dominated by the hydrogen-bonding term, probably due to the solvation problems described above. In a simulation of unfolding of the same immunoglobulin domain by the methods described here, we found a single barrier, in agreement with Lu et al. (1998) , but the energetics and forces are similar to those described here for the ®bronectin type 3 domains (Our unpublished results).
Note added in proof: After this paper was submitted a paper by Marchi & Ballone ((1999) . J. Chem. Phys. 110, 3697-3702) was published, based on the method of Baltone & Rubini (unpublished) . They used the method to unfold lysozyme in a vacuum with the radius of gyration as the reaction coordinate.
method has been shown (Paci et al. 1991) to be equivalent, in a particular case, to the ®nite difference method for computing W(x) proposed by Tobias & Brooks (1987) .
To apply the method to the present problem, we consider a system composed of N atoms with masses m i (i 1, . . . , N) with the con®guration space given by 3N Cartesian coordinates r (r 1 , r 2 , . . . , r N ). As shown by Carter et al. (1989) the mean force (in a system with no molecular constraints) for a given value of x(r) can be written as:
where u (x, q) is a set of generalized coordinates with q (q 1 , q 2 , . . . , q 3N À 1 ) and jJj jdr/duj is the Jacobian of the canonical transformation {r} @A {u}; V(r) is the potential energy of the system. Equation (A2) can be evaluated by constrainedreaction-coordinate molecular dynamics. Carter et al. (1989) showed that the conditional average at x of an observable O(r) can be obtained as the weighted average of O over a molecular dynamics simulation in the presence of the constraint x x, that is:
where Z AE
N i
1/m i jdx/dr i j 2 . Equation (A3) is derived by Carter et al. (1989) . The factor Z À1/2 is a bias arising from the fact that during the calculation of hÁ Á Ái x Ã the system is over-constrained since the momentum associated with x is constrained. Finally we have:
To evaluate the expression on the right-hand side of equation (A4) a constant-temperature constrained molecular dynamics can be carried out using standard methods . Equation (A4) gives for each value of x the absolute value of the mean force acting on x. The potential-of-mean-force can be obtained by integrating the force function. To do this, the force must be known on a set of closely separated x values. To compute the mean force acting on the end-toend distance of the ®bronectin domains we take x jr C À r N j r NC as the reaction coordinate. As complementary generalized coordinates, we use the two angles (y, f) for r C À r N is spherical polar coordinates, the three Cartesian coordinates of the centre of the mass of the C and N atoms and the (3N À 6) Cartesian coordinates of the other particles. In this case, jJj r 2 NC cos f and Z 1/ m C 1/m N , where m C and m N are the masses of C and N atoms. From Equation (A4) we obtain the single expression:
In this case, the Jacobian factors out of the statistical average, because it depends on the coordinates only through r NC . The last factor is proportional to the apparent (centrifugal) force on the r NC variable. The ®rst term on the right-hand side of equation (A5) 
